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emplary embodiment, a laser is driven by a driver to deliver photonic power and/or control information into an optical fiber. The op -
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PHOTONIC-POWERED EC DEVICES

CROSS REFERENCE TO RELATED APPLICATIONS
[1] This application claims benefit of U.S. Provisional Application No.
61/692,634, filed August 23, 2012, and titled “PHOTONIC-POWERED EC
DEVICES”, which is incorporated herein in its entirety and for all purposes.

FIELD
[2] The disclosure relates generally to powering and control of electrochromic
(EC) devices. More specifically the disclosure relates to photonically-powered and/or

controlled EC devices.

BACKGROUND
[3] Electrochromism is a phenomenon in which a material exhibits a
reversible electrochemically-mediated change in an optical property when placed in a
different electronic state, typically by being subjected to a voltage change. The
optical property is typically one or more of color, transmittance, absorbance, and
reflectance. By way of example, one well known electrochromic material is tungsten
oxide (WO3). Tungsten oxide is a cathodic electrochromic material in which a

coloration transition, transparent to blue, occurs by electrochemical reduction.

[4] Electrochromic materials may be incorporated into, for example, windows
for home, commercial and other uses. The color, transmittance, absorbance, and/or
reflectance of such windows may be changed by inducing a change in the
clectrochromic material. In other words, clectrochromic windows are windows that
can be darkened or lightened electronically. A small voltage applied to an
electrochromic device (EC) of the window will cause them to darken; reversing the
voltage causes them to lighten. This capability allows control of the amount of light
that passes through the windows, and presents an opportunity for electrochromic

windows to be used as energy-saving devices.

[5] While eclectrochromism was discovered in the 1960’s, EC devices, and

particularly EC windows, still unfortunately suffer various problems and have not
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begun to realize their full commercial potential despite many recent advancements in

EC technology, apparatus and related methods of making and/or using EC devices.

SUMMARY
[6] Electrochromic devices are powered and/or controlled using photonic
energy. For example, a photovoltaic power converter is used to supply electricity to
an EC device, where the photovoltaic power converter is supplied photons via, e.g.,
fiber optic technology. Photonic energy is also used as a means to carry
communication between various components of a system which includes one or more
smart windows. Applications include EC windows, e¢.g., windows where at least one
EC device is incorporated into an insulated glass unit (IGU). In certain embodiments,
the photovoltaic power converter is proximate, or integrated with, the IGU, e.g., in the
secondary seal, in the spacer, or within the insulated gas space of the IGU. In one
embodiment, the photovoltaic power converter is supplied photons via fiber optics.
The fiber optics may be supplied with photons originating from a conventional laser,
diode laser, sun concentrator, and the like. In certain embodiments, photovoltaic
panels supply electrical energy to an electronic driver that energizes the diode laser;
the diode laser delivers photons into an optical fiber, which in turn supplies photons to
the photovoltaic power converter. Various methods of carrying both power and
information using photonic energy in a system which includes one or more smart

windows are described.

[7] Benefits related to such methods, apparatus and systems include the ability
to deliver power to an EC window via a remotely-located photovoltaic panel over
long distances without -electromagnetic interference (EMI), radio frequency
interference (RFI) electrical cross-talk, line loss of power due to electrical resistance
of conventional wiring, information loss due to carrier signal degradation, and the

like. Further embodiments and advantages are described in more detail below.

[8] In one aspect of the disclosed embodiments, an electrochromic (EC)
window system is provided, including (i) an EC window; (ii)) an EC window
controller; (iii) a photovoltaic (PV) power converter configured to deliver electricity
to the EC window controller; and (iv) an optical fiber configured to deliver a light

energy to the PV power converter.



10

15

20

25

30

WO 2014/032023 PCT/US2013/056506

[9] In various embodiments, the light energy may be supplied to the optical
fiber from a diode laser. The diode laser may be energized by a driver, the driver
receiving power from a photovoltaic array and/or a low-voltage power line of less
than about 30 volts. In certain embodiments the light energy is modulated. The
modulation may be implemented to achieve a smooth and/or rapid transition between

different electrochromic states.

[10] A controller may be used to demodulate the light energy when the light
energy received from the optical fiber is modulated. For example, the controller may
be configured to decode amplitude modulation in the light energy received from the
optical fiber. Additionally, the controller may be configured to determine from the
amplitude modulation the polarity of voltage or current to be applied to the EC
window. In some embodiments, the controller may include an H-bridge.
Alternatively or in addition, the controller may be configured to decode frequency
modulation in the light energy received from the optical fiber. For example, the
controller may be configured to determine from the frequency modulation the

magnitude of voltage or current to be applied to the EC window.

[11] In some cases, the photovoltaic array is positioned more than one meter
from the EC window. For example, the photovoltaic array may be positioned on a
roof of the building in which the EC window is located, or on the roof of a nearby
building. Other configurations are also possible. Photonic energy transmission can
be done over long distances with very high efficiency (low power and/or signal loss).
The PV power converter may be positioned in a frame around the EC window, or
integrated, at least partially, within a secondary seal of the EC window. In some cases
the driver and diode laser are configured to deliver control information. The diode
laser may feed to an optical cable, the optical cable running through a splitter, the
splitters having a plurality of optical output fibers each configured to deliver control
information to each of a plurality of EC window controllers. In some embodiments,

the plurality of EC window controllers are configured in a daisy chain format.

[12] In another aspect of the disclosed embodiments, an insulated glass unit
spacer is provided, the spacer including a PV power converter. In various
implementations, the spacer further includes an EC window controller. In some cases

the EC window controller is configured to demodulate the light energy when light
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energy received at the window controller is modulated. For example, the window
controller may be configured to decode amplitude modulation in the light energy
received at the window controller. In certain embodiments, the window controller is
configured to determine from the amplitude modulation the polarity of voltage or
current to be applied to an optically switchable window in contact with the IGU
spacer. The EC window controller may include an H-bridge in various cases.
Alternatively or in addition, the window controller may be configured to decode
frequency modulation in the light energy received at the EC window controller. In a
particular embodiment, the window controller is configured to determine from the
frequency modulation the magnitude of voltage or current to be applied to an optically

switchable window in contact with the IGU spacer.

[13] In a further aspect of the disclosed embodiments, an EC window IGU is
provided, including a PV power converter configured to receive optical energy
delivered via fiber optics. In certain embodiments, the PV power converter is
positioned, at least partially, in a secondary seal of the IGU. The EC window IGU, in
some implementations, may have no electrical wiring traversing a primary seal of the
IGU. Further, the EC window IGU may include an EC window controller positioned,
at least partially, in a secondary seal of the IGU. In some embodiments, the EC

window controller resides entirely within the secondary seal.

[14] The EC window controller may be configured to perform a variety of
functions. In some cases, the EC window controller may be configured to demodulate
optical energy when optical energy received at the EC window controller is
modulated. For example, the EC window controller may be configured to decode
amplitude modulation in the optical energy received at the EC window controller.
The EC window controller may also be configured to determine from the amplitude
modulation the polarity of voltage or current to be applied to the EC window IGU.
Further, the EC window controller may be configured to decode frequency

modulation in the optical energy received at the EC window controller.

[15] In another aspect of the disclosed embodiments, an optically switchable
device system is provided, including (i) an optically switchable device including bus
bars; (i1) a PV power converter configured to apply a voltage to the bus bars; and (iii)

an optical fiber configured to deliver a light energy to the PV power converter. The

4
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system may also include a plurality of optical fibers connected with a light source,
where the optical fibers are configured to delivery light energy to each of a plurality
of PV power converters coupled with each of a plurality of optically switchable

devices.

[16] In some embodiments, the optically switchable device system further
includes an optically switchable device controller that defines the voltage and/or
current applied to the bus bars by the PV power converter. In a particular
implementation, the optically switchable device controller is configured to
independently control the voltage and/or current applied to each of a plurality of
optically switchable devices. The optically switchable device controller may be
configured to demodulate light energy when light energy received at the optically
switchable device controller is modulated. For example, the controller may be
configured to decode amplitude modulation in the light energy received at the
optically switchable device controller. The controller may be configured to determine
from this amplitude modulation the polarity of voltage or current to be applied to the
optically switchable device. Alternatively or in addition, the optically switchable
device controller may be configured to decode frequency modulation in the light
energy received at the optically switchable device controller. In certain embodiments,
the system may further include a splitter that splits light energy between a first path
that delivers light energy to the PV power converter and a second path that delivers

light energy to the optically switchable device controller.

[17] These and other features will be described below with reference to the

associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[18] Figures 1A-B depict the basic structure of an electrochromic window
device.
[19] Figure 2 shows an exemplary electrochromic-photovoltaic (EC-PV)

system where photonic power transmission is used to supply energy from the PV

device to EC windows.
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[20] Figure 3 illustrates an embodiment of an eclectrochromic device which

transforms light energy to electrical energy at or within an insulated glass unit.

[21] Figure 4 shows an embodiment of an insulated glass unit having a pig tail
connector.
[22] Figure 5 depicts a close-up cross sectional view of an electrochromic

insulated glass unit having electrical wiring that passes through a primary and a

secondary seal of the insulated glass unit.

[23] Figure 6 depicts a close-up cross sectional view of an electrochromic
insulated glass unit having an optical fiber that passes through a secondary seal of the

insulated glass unit, according to a disclosed embodiment.

[24] Figure 7 shows an eclectrochromic insulated glass unit having wiring

enclosed in a spacer positioned proximate the periphery of the insulated glass unit.

[25] Figure 8A presents a block diagram of a local controller at the optically

switchable device in accordance with one embodiment.

[26] Figure 8B presents a block diagram of an electrochromic window system

that utilizes upstream data transfer in accordance with certain embodiments.

[27] Figure 9 presents a block diagram of an upstream controller for providing
instructions to multiple downstream optically switchable devices in accordance with

one embodiment.

DETAILED DESCRIPTION
[28] An “optically switchable device” is a thin device that changes optical state
in response to electrical input. It reversibly cycles between two or more optical states.
Switching between these states is controlled by applying predefined current and/or
voltage to the device. The device typically includes two thin conductive sheets that
straddle at least one optically active layer. The electrical input driving the change in
optical state is applied to the thin conductive sheets. In certain implementations, the

input is provided by bus bars in electrical communication with the conductive sheets.
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[29] While the disclosure emphasizes electrochromic devices as examples of
optically switchable devices, the disclosure is not so limited. Examples of other types
of optically switchable device include certain electrophoretic devices, liquid crystal
devices, and the like. Optically switchable devices may be provided on various
optically switchable products, such as optically switchable windows. However, the
embodiments disclosed herein are not limited to switchable windows. Examples of
other types of optically switchable products include mirrors, displays, and the like. In
the context of this disclosure, these products are typically provided in a non-pixelated

format.

[30] An “optical transition” is a change in any one or more optical properties of
an optically switchable device. The optical property that changes may be, for
example, tint, reflectivity, refractive index, color, etc. In certain embodiments, the
optical transition will have a defined starting optical state and a defined ending optical
state. For example the starting optical state may be 80% transmissivity and the
ending optical state may be 50% transmissivity. The optical transition is typically
driven by applying an appropriate electric potential across the two thin conductive

sheets of the optically switchable device.

EC Windows

[31] For many years the building industry has been burdened with two
opposing trends. The first trend, the increasing demand for glass over other
construction materials, is driven by a number of factors. Glass buildings are currently
viewed as aesthetically more pleasing and more modern. Glass buildings also provide
occupants with a number of advantages: better productivity, more natural lighting,
absenteeism reduction, and improved comfort. Lighting engineers strive to create
light sources which mimic natural light. The second trend, increased demand for
energy efficiency, is conventionally at odds with the first trend. While increased use
of windows can lower lighting requirements, it can also dramatically add to the
cooling requirements of the building and negatively impact productivity and comfort
due to increased glare. For example, commercial buildings use a large portion of
public energy resources and yet a very large portion of that energy is wasted due to

overburdening heating, ventilation and air conditioning (HVAC) systems due
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primarily to very poor energy efficiency of conventional windows. Conventional
windows are simply not energy efficient and, at the same time, require expensive
window treatments to reduce glare. In some cases these window treatments

negatively impact occupant view, thus defeating the purpose of having a window.

[32] Architects and builders have needed an energy efficient window that could
accommodate changes in the environment and the needs of the building occupants by
dynamically altering its optical properties to control the amount of sunlight and heat

entering the building. One answer to this need is electrochromic window technology.

[33] In the arena of window glazings, electrochromic coatings may serve to
control the amount of light and heat passing through the glazing by user controlled
applied electrical potentials across the optical device. Because electrochromic
windows can be tinted or made clear via a small applied voltage, this technology has
the potential to significantly reduce the amount of room heating or air conditioning,
and it can also be used for privacy. Since the amount of glass currently used for
various types of windows (e.g., skylights, aircraft windows, residential and
commercial building windows, automobile windows, etc.) is on the order of one
billion square meters per year, the potential amount of energy savings if these are

converted to EC windows is substantial.

[34] Figures 1A-B illustrate the basic principle of electrochromic window
technology. A typical EC window 100 uses an IGU construct, just as a conventional
window. The difference is that an EC window 100 has an electrochromic thin film
coating 103 on one (or both) lites 101 and 102 of the IGU. The EC coating 103 can
tint or clear upon application of a small electrical potential applied across the EC
coating. When tinted, the EC coated lite 100 can block visible light 105 to provide
occupant comfort, but also block solar heat gain 106 and therefore reduce cooling
burden on HVAC systems. Also, there is no need for conventional shades or window

treatments.

Conventional EC-PV Systems
[35] One difference between EC windows and conventional windows is the

wiring required to deliver electricity to the EC devices for switching from clear to
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tinted, and back again. Builders must integrate these wires into the framing systems
of the windows. The wires from the EC windows eventually are connected to a
source of power, ¢.g., a low-voltage run that ultimately is connected to a higher-power
line source. In these low-voltage runs of wire, there are associated issues, e.g.,
voltage drop (line loss) due to the sometimes long lengths of wire required to
incorporate a large number of windows in a building. Thus, it has been described as
desirable to integrate a photovoltaic power source with the EC window in order to
have a local power source for the EC device. This combination is also deemed
desirable because, even though EC windows use little power, the EC window would
be self-powered and thus be a net zero energy installation on its own, and collectively

save even more energy on HVAC.

[36] A combination of electrochromic and photovoltaic functions (from herein,
“EC-PV” systems) may be employed in a system that, as a whole, is passive, i.c.,
when the sun is shining the power generated by the PV system is used to power the

transitions of the EC system. EC-PV systems may take various approaches.

[37] In one approach, a transparent PV coating is combined with an EC coating
in a tandem fashion. This EC-PV system has many problems, primarily due to issues
associated with the PV coatings. For example, transparent PV technology is not truly
transparent; there is haze and an associated loss of light transmission when the PV
coating lies between the sun and the EC coating (as is a typical configuration). The
transmissivity in the clear state of the EC coating is reduced due to the reflections
from multi-layer construction and absorption of the PV coating. As an example, dye
sensitized PV coatings (e.g., dye sensitized TiO,) have associated absorption due to
the dye component of the system. Another issue with this type of system is if the EC
coating is between the sun and the PV coating, when the EC coating tints, the PV
loses power, so it can operate only in a self-limiting fashion. Also, transparent PV
technology is not robust. Typically, transparent PV coatings are organic-based and
therefore may break down in the harsh conditions of solar radiation and heat.
Moreover, although many EC systems require relatively little power, current
transparent PV technology simply does not produce sufficient power for most EC
device needs — the technology is not yet sufficiently efficient. Further complicating

this approach is integration of the EC and PV coatings in the IGU. If combined on a
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single lite, there are often compatibility issues and integration issues related to
transferring power from the PV to the EC coating, extra wires, etc. If configured on
separate lites of an IGU, the intercompatibility issues between the EC and PV
technology may be overcome, but the integration and wiring issues remain. Put
simply, the tandem EC-PV design is more complex to construct and engineer than an

EC device alone, no matter how one configures the PV.

[38] Another approach places conventional, more well-established, reliable and
robust, non-transparent PV cells proximate the EC coating or situated in what would
otherwise be a viewable area of the EC window. In this approach, PV cells are placed
in the window frame, close to it, or share the same space as the EC device, thus
blocking a portion of the viewable area. This blockage results in less solar control
and poor aesthetics for the viewer. Smaller PV cells could be used to decrease the
negative visual impact of the PV cells, but this approach also decreases the amount of
electrical power generated, which may be insufficient to power EC device transitions.
Also, the aforementioned integration issues remain, with some additional issues,
including reworking or designing new framing systems, customer rejection due to

poor aesthetics and the like.

Photonic Powered EC Windows

[39] The present disclosure describes solutions to the limitations of
conventional EC-PV systems. It addresses challenges arising from the integration of
EC and PV technologies. Both EC and PV technologies require large amounts of area
— EC technology because it is designed to cover the viewable area of windows, and
because occupants and architects especially prefer large windows; PV technology
because it is used to harvest solar energy, and in order to harvest more energy, more
arca is required. The goals of the two technologies are inherently at odds with each

other, both from an aesthetic perspective and an engineering perspective.

[40] From an aesthetic perspective, the goal of EC window technology is to
cover large areas of viewable area with beautifully-tinting glass to enhance occupant
comfort and experience — people like the look of, and to look through, unobstructed
(high-clarity) windows. The goal of PV technology is to cover large amounts of areca

in order to capture as much solar energy as possible; aesthetics are completely beside
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the point — PV panels are typically placed on the roof or in remote locations, not only
to capture more light using unobstructed geography, but also because people do not
tend to find them particularly attractive and don’t want (or need) to see them. This
acsthetic issue could be overcome if a truly transparent (and efficient, reliable and
robust) PV technology can be achieved for use in a tandem EC-PV system. But even
if the latter (laudable) goal is achieved, there are still engineering issues related to

integration of the PV and EC technologies.

[41] As described above, from an engineering standpoint, it is difficult to
integrate EC and PV technology in, or proximate, an IGU or the framing system of
the IGU. Besides the above described issues with integration, the PV cells used in
these systems are simply not large enough to generate sufficient power for the EC
system to effectively switch. Making the PV cells larger only exacerbates the
acsthetic and integration issues. Even if one were to find an elegant solution to
overcome the myriad of engineering issues, the poor aesthetics of these systems put a

damper on demand — simply put, they are clunky and unattractive.

[42] If a PV system is not located in close proximity to the EC system, there is
significant line loss due to transmission over conventional low-voltage wiring systems
in buildings and other structures employing EC windows. Additionally, current
carried over such lines is susceptible to electromagnetic interference, radio frequency

interference, and inefficiency of transmitting electricity over long spans of wire.

[43] The disclosed embodiments overcome these issues by delivering energy to
an EC device using photonic power. For example, photonic power may be beamed
through an optical fiber or through space (e.g., via a laser beam) and into a photonic
power converter which converts the light energy to electricity, which is used to

transition the EC device (e.g., via an EC controller).

[44] In certain embodiments, the photovoltaic power converter is proximate or
integrated with the IGU, e.g., in the secondary seal, in the spacer, and/or within the
insulated gas space of the IGU. In certain embodiments, the photovoltaic converter
may span at least the width of a secondary seal and a portion (or all) of the width of
the spacer. In one embodiment, the photovoltaic power converter is supplied photons

via fiber optics. The fiber optics may be supplied with photons from a conventional
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laser, diode laser, sun concentrator, or the like. In certain embodiments, one or more
photovoltaic panels supply electrical energy to an electronic driver that energizes the
diode laser; the diode laser delivers photons into an optical fiber, which in turn
supplies photons to the photovoltaic power converter. The photovoltaic power
converter converts the photons back to electrical energy for transitioning the EC
window. As described in more detail herein, the photons may be modulated in order

to, e.g., carry information used to control the EC window.

[45] Benefits related to such methods, apparatus and systems include the ability
to deliver power and instructions to (and from) an EC window via a remotely-located
photovoltaic panel over long distances without electromagnetic interference (EMI),
radio frequency interference (RFI) electrical cross-talk, line loss of power due to
electrical resistance of conventional wiring, and the like. Further details are described
below in relation to specific embodiments, although the scope of the invention is not

intended to be limited in this way.

[46] Figure 2 depicts an exemplary EC-PV system 200 where photonic power
transmission is used to supply energy from a PV system to EC windows. A solar
panel 201 is connected to a voltage controller 203 so that the correct voltage can be
applied to a electronic driver 205. Electronic driver 205 may use only a small fraction
of the output of the solar panel, in this way many such drivers may be powered by the
solar panel, or, e.g., such drivers may be supplied by various solar panels. The driver
205 powers a concentrated light source 206. In other words, the driver 205 and light
source 206 work together to convert electrical energy into optical energy. In certain
cases, the driver 205 and light source 206 are collectively referred to as a “power
module” (which is distinct from a photonic power module, which includes additional
clements as described herein). In one example, the concentrated light source 206 is a
laser, e.g., a diode laser. The diode laser output is delivered through optical fiber 207
to (in this example) a splitter 209, which in turn delivers photonic energy via optical
fibers 211 to a number of IGU’s 213 containing EC devices. The photonic power may
be delivered with relatively little loss or interference over distances that are
encountered in various types of buildings and vehicles. In this example, in or
proximate each IGU 213, is a photovoltaic power converter (not shown), which

converts the photons delivered to it by the optical fiber 211 into electricity which is
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used to drive the EC device(s) of the IGU 213. The electrical power would typically

be delivered from the photovoltaic power converter to an EC window controller.

[47] The driver 205, light source 206, optical fibers 207, optional splitter 209,
optical fibers 211, and photovoltaic power converters may collectively be referred to
as a photonic power module (PPM). Further, the PPM may include a voltage
controller. In some cases the PPM may be simpler, consisting of a driver, light
source, a single optical fiber, and a single photovoltaic power converter. Various
implementations are possible depending on the desired design and the number of EC

devices being powered by the PPM.

(48] Photonic power modules are commercially available from various
manufacturers and vendors including, for example, JDS Uniphase Corporation
(“JDSU”) of Milpitas, CA. In one example, a power module such as one obtained
from JDSU (e.g., a PPM-5 Photonic Power Module) requires an input of only a few
volts (e.g., about 5 volts) of direct current (DC), which can easily be delivered from a
solar cell (as depicted in Figure 2). Such Photonic Power Modules (PPM’s) are
typically configured as isolated power supplies. As noted above, an exemplary PPM
includes a laser module with a driver, a fiber patch cord to transmit the laser energy,
and a photovoltaic power converter to convert the laser energy to electrical energy.
For example, such PV power converters have outputs in the range of about 2-15 volts
— this is well within the operating voltage of many EC devices, particularly EC
windows, even large size EC windows (for example, View, Inc. of Milpitas, CA,
produces all solid state and inorganic EC windows as large as 60” by 120 that
operate on as little as a few volts). Also, the lifespan of a diode laser is on the order of
about 70,000 hours at 40 degrees C, since the EC window is powered only
intermittently, the diode should last on the order of about 15-20 years. This is

commensurate with the lifespan of a robust EC window.

[49] With solar panels giving an output of around 75-350 watts for a 2 x 4 ft
panel, there is more than enough power to energize one or more photonic power
modules. For example, at 9 watts/ft>, such a panel may be used to surround each
individual frame of the IGU. However, since there is a large base of established solar
panels on the roofs of residential and commercial buildings, certain implementations

tap this source of energy, when available. As described above, powering EC devices
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via photonics may use only a small fraction of the output of a particular solar panel.
This provides flexibility for installing, e.g., retrofitting, photonic powered EC

windows in any number of existing PV-supplied buildings.

[50] Alternatively to PV power, ¢.g., in the event such buildings do not have a
solar panel installation, the energy delivered to the driver of the photonic power
module can be supplied by in-house electricity or even by a bank of batteries. In one
embodiment, line voltage is used to energize the driver/light source, e.g., in a
convenient run of low-voltage line, and fiber optic cable is used to deliver the power
from the light source to the EC window(s). In one embodiment, a plurality of EC
window controllers and optionally I/O controllers are daisy chained together to create
networks of EC windows, for automated and non-automated EC window applications.
This configuration is described in U.S. Patent Application, serial number 13/049,756,
filed March 16, 2011, titled “Multipurpose Controller for Multistate Windows,”
which is incorporated by reference herein. In this embodiment, a plurality of photonic

power modules is used to carry power to the EC window controllers.

[51] Regardless of the type of power source used to energize the photonic
power module, the power source can be remotely located from the EC windows and
still transmit power without the issues associated with conventional power
transmission. For example, according to its specifications, the PPM-5 can deliver
between about 0.5 to 1 W of power in the 750 to 850 nm and 900 to 1000 nm range,
depending on the laser source selected. Power can be delivered over distances of 0.5
km or greater using 62.5 pm or 100 pm multimode optical fiber. Since power can be
transported by fiber optic up to 500 m (or 1500 feet) with little loss, there will be little
loss of power for window applications for all residential building and most
commercial buildings. For example, for a multimode fiber with an 850 nm source,
the loss is about 3 dB per km, corresponding to a loss of about 1.5 dB over a distance
of 500 m. This loss represents about 30% of the total power transmitted (70% of
transmitted power reaches the load). Similarly, for a singlemode fiber with a 1550 nm
source, the loss is about 0.4 dB per km, which corresponds to a loss of only 0.2 dB
over 500 m. In this case the efficiency of power transmittal may be much greater. In
some embodiments, the PV power source may be located outside the building housing

the EC windows. PV power may be generated in a common area for multiple
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buildings or it may be generated in one building and shared with one or more

neighboring buildings.

[52] Also, e.g. as depicted in Figure 2, from a single fiber optic 207, the light
may be broken down into sub-fiber conduits 211 so that multiple IGU’s 213 may be
powered off of an individual driver 205/light source 206 pair. A splitter 209 (known
in the industry as a “tree splitter” and commercially available from a number of fiber
optic suppliers) may be used to “split” the incoming light source into multiple outlet
optical fibers 211. This split allows multiple EC windows 213 to receive power from
a single driver 205/light source 206. Also, fiber optic cable is much easier to handle
and install than electrical wiring, saving time and simplifying installation of EC
windows. Use of fiber optics also protects installers from having to handle electrical
wires that might be energized inadvertently, thereby making the installation process
less dangerous or problematic. Moreover, optical fiber simplifies the configurations
for power delivery to the EC window controller as well as delivery of power to the EC

device itself. This concept is explained in more detail below.

[53] In some embodiments, the solar panel, voltage controller, driver, and laser
are replaced with a solar light concentrator, which delivers light of appropriate

wavelengths to the optical fiber.

[54] In various embodiments, an EC controller is energized via photonic
energy, and energy may also be delivered from the controller to the EC device via
photonic energy. Figure 3 depicts an embodiment showing how power can be
transformed from light to electricity at or within an IGU. The IGU 300 includes a
first pane 301 and a second pane 303. In this embodiment, the first pane 301 faces
toward the outside of the building, and the second pane 303 faces the interior of the
building. The interior surface of the first pane 301 includes a layer of electrochromic
material 305. In certain embodiments, an incoming fiber 307 is placed at normal
incidence at, e.g. an IGU in window frame 311. The actual angle at which the
incoming optical fiber 307 is oriented is not critical, so long as it aligns with the
interior optical fiber 313. In some cases, a transparent window may be present where
incoming optical fiber 307 meets the IGU. The transparent window may have an anti-

reflective coating on it.
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[S5] The incoming optical fiber 307 is aligned with an interior optical fiber 313
that is attached to the photovoltaic power converter 315. In certain embodiments,
optical fibers 307 and 313 are aligned and optically coupled via a plug and socket
architecture, 309, as are commercially available. In the embodiment described in
relation to Figure 3, the photovoltaic power converter 315 is hidden within the
window frame 311, which holds IGU 300. Power converter 315 delivers its electrical
output to wires 317, which are electrically connected with bus bars (not shown),
which power the transition of EC coating 305. Optionally, a storage device 319, e.g.,
a trickle charge battery, is included. Storage device 319 can aid operation, for
example when a logic device 321 (e.g., a controller implemented on an embedded
micro controller, programmable logic controller, or application specific integrated
circuit) includes instructions to turn off external power to the EC system or during the
colored holding period when minimal power is required to offset leakage current
through the EC device, or to store energy for later use. In some implementations, the
controller may include systems on a chip (SOCs), for example from the Kirkwood
series of processors from Marvell Semiconductor, Inc. of Santa Clara, CA, or from
the PIC series from Microchip Technology of Chandler, AZ. In one embodiment,
controller 321 receives input via an infrared (IR) signal, e.g., from a touch pad from
the interior of the room where the IR signal passes through an IR transparent window
323, e.g., in frame 311. A remote controller may also provide instructions to

controller 321.

[56] In the depicted embodiment, at IGU 300, incoming optical fiber 307 stops
just short of, or abuts, fiber 313 of the hermitically sealed IGU 300. The light is
focused on an aligned fiber 313 which catches all the light emanating from the
incoming optical fiber 307, which is supplied by a laser (not shown). Fiber 313 is
connected to PV power converter 315. For example, a power converter from JDSU
can have electrical output in the range of between about 2 and 12 volts. In particular,
a PPC-4E from JDSU delivers up to about 4 volts with an electrical power of up to
about 500 mW. Higher power systems up to about 5 watts can be obtained by using

multiple lasers and combining the output at the end of the fibers.

[57] Note that an optical window or optical socket can be placed on different

surfaces of the window frame. In some embodiments the transparent window or
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optical socket is on a different face of the frame, for example on the bottom surface
where the optical fiber delivers light through the bottom of the frame, or on the top
surface of the frame where the optical fiber delivers light through the top of the frame
(in which case the power converter 315 and associated elements may be located in a
top portion of the frame). The optical window or optical socket need not be on the
same surface of the frame as, e.g., the IR window for the EC controller, but in one

embodiment the optical input is on the same side of the window frame as other inputs.

[58] An EC device, depending on the size of the window and other parameters,
may operate at between about 1 pA/cm? and about 60 pA/cm?®. For example, a 2 ft x

2 ft window has an area of about 3,600 cm’

. Therefore, near the maximum current
limit the window should consume about 50 x10° amps/cm? x 3,600 cm”= 180 x 10~
amps or 180 milliamps. Using a power module at 2 volts at 500 milliwatts power,
there is 250 milliamps of current available, which is more than enough to operate such
a window. For windows that only use 10 wA /cm?, the total current on a 2 ft x 2 ft
window would be 80% lower, allowing 5 windows to easily operate off of a PPM-5
Photonic Power Module system. Larger EC windows may require a dedicated
photonic power module, depending on the efficiency and output of the PPM. Lower
currents can be used, e.g., if slower EC device transitions are acceptable. When fully
tinted, the current necessary to hold the tinted state is very low and will approximate

any leakage current. During this stage, the power continues to collect in the auxiliary

battery as shown in Figure 3.

[59] The EC system can be of any type, although in one embodiment the design
is as described in pending US patent applications, US 2011/0267675, US
2011/0267674, US 2011/0266138, US 2011/0266137 and US 2011/0249314, cach
assigned to View, Inc., of Milpitas, CA, and each of which are herein incorporated by
reference. The EC coatings can be on any transparent substrate, such as glass, rigid
plastic or flexible plastic. In the case of flexible plastic, the EC coatings can be
suspended in an IGU or laminated to the glass face on the interior surface of the

exterior pane of the IGU.

[60] A local EC window controller and associated photovoltaic power
converter can be in the frame of the window, or it can be wholly or partly integrated

between the panes of the IGU, e.g. in the secondary seal of the IGU. Optical fiber not
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only simplifies installation by obviating the need for electrical wiring, but also can
simplify delivery of power to the IGU regardless of the configuration of the

controller. This is described in more detail below.

[61] As depicted in Figure 4, in some EC systems, electrical wiring runs into a
window frame and to a “pig tail” connector which is used to deliver power to the bus
bars of the EC device in the IGU. The pig tail is part of the wiring harness of the
IGU. The IGU may not use a pig tail, but rather may have a plug integrated into the
secondary seal so as to avoid wires protruding out of the IGU prior to installation. The
EC window controller delivers power to the EC device via a pig tail or, in some
instances, the window controller, or one or more components thereof and the wiring
harness, is integrated into the IGU itself. Thus a pig tail may be used to deliver power
to the EC controller. Such “onboard” EC controllers are described in U.S. Patent No.
8,213,074, titled “Onboard Controller for Multistate Windows,” which is incorporated
by reference herein. Further wiring and/or controller configurations are described in
U.S. Patent Application No. 13/326,168, filed December 14, 2011, and titled
“CONNECTORS FOR SMART WINDOWS,” which is herein incorporated by
reference in its entirety. The embodiments described in the 13/326,168 application

may be powered by the photonic power means disclosed herein.

[62] No matter the configuration of the controller, conventional systems have
electrical wires that must traverse the secondary and primary seal of the IGU. This is
depicted in Figure 5. Figure 5 depicts a partial cross-section of a conventional EC
window IGU. As illustrated, the electrical supply wire 501 must pass through the
secondary seal 502 and the primary seal 505 and in order to supply the bus bar 507
with power. The primary seal 505 is positioned between the spacer 503 and the glass
(i.e., the sealant between the spacer 503 and glass is the primary seal 505). The bus
bar 507 applies the voltage used to change the optical state of the electrochromic layer
509. This wire traversal may compromise primary seal 505. Spacers for improving
this configuration are described in U.S. Patent Application No. 13/312,057, filed
December 6, 2011, and titled, “Improved Spacers for Insulated Glass Units,” which is
incorporated by reference herein. Optical fiber technology and photonic power
conversion can obviate the need for wires traversing the primary seal. An exemplary

embodiment is described below in relation to Figures 6 and 7.
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[63] In certain embodiments, the optical fiber is coupled via an optical conduit
in the spacer to the PV power converter, which resides in the spacer of the IGU. This
is illustrated in Figure 6. The fiber optic 610 runs through the secondary seal, 602,
(via an optical fiber socket 611) and to an optical fiber coupler (light conduit) 613.
For example, optical fiber couplers and hermitically sealed feed through units are
commercially available from Fiberdesign, B.V. of the Netherlands or from Accu-
Glass Products, Inc. of Valencia, CA. The PV power converter 615 is located in the
spacer 603 of the IGU. The wiring 617 to the bus bars 607 runs from the PV power
converter 615 to the bus bars 607. The bus bars 607 apply a voltage to the
electrochromic film 609. In one example, fabrication of the IGU may include
applying primary sealant, soldering the bus bar wires emanating from the spacer to the
bus bars, and hermetically sealing the IGU. The design shown in Figure 6 is
preferable to the conventional design shown in Figure 5 because there is no wire or
other conduit traversing the primary seal. Thus, there is less risk that the primary seal

will become compromised over the lifetime of the window.

[64] As shown in Figure 7, wiring 709 for the distal bus bar 711 (i.e., the
bus bar opposite the bus bar 710 proximate the PV power converter 707) can be run
inside the spacer 705, which is positioned inside of the secondary seal 703. By
having electrical wire 707 only inside the spacer 705, and emanating only from the
surfaces of the spacer within the primary seal, a more robust IGU seal is realized.
One of ordinary skill in the art would appreciate that the PV power converter can be
configured so that it is equidistant from each of the bus bars 710 and 711 such that

there is matched wiring in the spacer 705.

[65] Various advancements in window design including improved spacer/IGU
configurations, bus bar and wiring placement (¢.g., designs having all bus bars and
wiring positioned outside the window’s viewable area, for example in a primary
seal/under a spacer), and improved bus bar contacts are described in the following
Patent Applications: U.S. Patent Application No. 13/456,056, filed April 25, 2012,
and titled “ELECTROCHROMIC WINDOW FABRICATION METHODS”; U.S.
Patent Application No. 13,312,057, filed December 6, 2011, and titled “SPACERS
FOR INSULATED GLASS UNITS”; and PCT  Application No.
PCT/US2012/068950, filed December 11, 2012, and titled “CONNECTORS FOR
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SMART WINDOWS”, each of which is herein incorporated by reference in its

entirety.

[66] The PV power converter may be integral to, or coupled with, an
onboard EC window controller located, at least partially, in the secondary seal of the
IGU. In one embodiment, both the PV power converter and the EC window
controller are partially or fully within in the secondary seal. In another embodiment,
both the EC window controller and the PV power converter are housed within the
spacer. In another embodiment one of the PV power converter and the EC window
controller is in the spacer while the other is in the secondary seal. One or more
components of the EC window controller may be in the spacer and/or the secondary
seal. Using such configurations (and configurations like those described in relation to
Figures 3, 6, and 7), the need for electrical wiring within the spacer may be minimized
or avoided altogether. In other words, light energy, rather than electrical energy,
traverses the spacer. In any of these embodiments, whether the components are in the
secondary seal and/or in the spacer, only an optical fiber need be attached to the IGU,
greatly simplifying installation of EC windows. In such embodiments, the power and
communication runs between a light source and the EC windows may be as simple as
a single optical fiber. The optical fiber leading to the EC window may then couple

with a receiving optical fiber as described above.

[67] In certain embodiments, the light transmitted through the fiber optic to
the IGU is modulated to deliver power at a specified frequency to the EC controller.
This modulated power can be used to drive the EC device in a certain way, e.g., rather

than, or in addition to, having the EC controller modulate the power.

[68] In various embodiments, control information is provided photonically. The
control information controls some aspects of the operation of the photonically
powered electrochromic device. It may not be sufficient to simply deliver power from
a photonic source to the electrochromic device. In some implementations, the control
information is provided to the electrochromic device to effectuate the transition. Thus
photonic energy is used both to transfer power and deliver and/or receive information.
In certain embodiments, photonic powering and communication are used in

combination with wireless (WiFi) communication.
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[69] Examples of the control information that can be provided photonically
include the magnitude of the applied voltage, the polarity of the applied voltage, and
additional logic such as daily periods of time when the window must be tinted, the
address of optically switchable devices such as electrochromic windows receiving
such control information. Other examples of the third type of information include
schedules where different windows under control of an upstream photonic driver tint
at different times and/or for different durations. For example, the default condition in
a bank of windows involves tinting upper windows for two hours and tinting the
bottom windows all day. As another example, the logic may require a window tint no
more than a certain number of hours per day (e.g., 8 hours). The prior examples
describe “downstream” data transfer (e.g., to the EC controller). It is also possible to
implement “upstream” data transfer in some implementations. In this case,
information sent back upstream may relate to the current conditions of the EC device
such as the actual voltage and current applied to the device, temperature, and
operating conditions or other status signals derived from the micro controller (e.g., EC

is tinting or clearing, is tinted to 20%, 40% etc.)

[70] In certain embodiments, the optically switchable device controller contains
logic for interpreting the control information and applying the appropriate voltage to
the window at the appropriate time. In some embodiments, the logic corresponds to
logic element 321 in Figure 3. Sometimes the logic is implemented as controller
hardware locally present at the optically switchable device. Other times, the logic is
partially implemented as software for controlling a processor. In general, the logic
serves as a controller for controlling the operation of an associated optically

switchable device.

[71] Control information must be interpreted locally at the optically switchable
device and/or remotely at an upstream controller responsible for dictating the
transitions of multiple optically switchable devices under its control. In some cases,
control information such as the magnitude of a voltage required to drive a device
transition and the polarity of the voltage is encoded upstream but the information is
separately decoded locally at the device. For example, the drive voltage magnitude is
decoded by one mechanism and the voltage polarity is decoded by a different

mechanism.
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[72] In certain embodiments, control information is delivered photonically to
the optically switchable device undergoing transitions. In other embodiments, the
control information is received by the optically switchable device local controller by
non-photonic means. Such means may be conventional electrical wiring or wireless
media such as a Bluetooth connection, etc. In cases where photonic delivery is
employed, the control information may be conveniently delivered together with the

light beam responsible for powering the optically switchable device transitions.

[73] Within the context of photonic transmission of control information, three
embodiments will now be presented. These embodiments differ from one another in
how types of control data are encoded upstream in a light beam. The types of control
information that are encoded differently or at least potentially encoded differently
include (1) the polarity of the voltage applied to the optically switchable device, (2)
the magnitude of the voltage applied to the optically switchable device, and (3) other
types of logic used by the optically switchable device. Types of encoding include
frequency modulation and amplitude modulation. Either of these can be applied to a

source of photonic power, whether that source is a laser, a solar collector, etc.

[74] First embodiment — The source of photonic power contains no frequency
modulation (i.e., the source delivers constant photonic power), but it is amplitude
modulated. In other words, the source is amplitude modulated before it is introduced
to a fiber or conveyed to the photovoltaic converter at the optically switchable device.
The amplitude modulation in this embodiment provides all three types of control
information. This embodiment allows flexibility for controlling each of many
downstream optically switchable devices independently. The control is more granular
on a per device basis. However, as a trade-off, the device’s local controller must be
more sophisticated. Each controller might require a pulse width modulator, for

example.

[75] When the upstream controller provides control information to many
different types of optically switchable devices, it must include address information
with each of the distinct types of control information it sends downstream. This way,
cach of the devices recognizes whether the control information is intended for it, in
which case it must pay attention to the information, or whether the control

information is for a different device, in which case it can ignore the information.
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[76] Second embodiment— The light beam is modulated both by frequency and
by amplitude. In some embodiments, the magnitude of the applied voltage is
provided by frequency modulation and the polarity of the applied voltage and the
remaining types of control information are provided by amplitude modulation. As an
example, the signal is rectified by, e.g., a photovoltaic cell or the UDSU PPC or
similar device, and the magnitude of the applied voltage is thereby encoded by the
duty cycle of the frequency modulation applied upstream. The amplitude modulation
is decoded by, e.g., an H-bridge located in the optically switchable device controller.
This embodiment works well when all windows under control of the upstream driver
have the same or similar drive voltage requirements. It has the benefit of scaling to a
large number of devices controlled by a single upstream driver. A simple circuit on a
small printed circuit board or single semiconductor device chip may be used. In one
implementation, a PIC16LF1784 microcontroller from Microchip Technology of
Chandler, AZ is used. The microcontroller may be used to decode AM information
and determine polarity requirements. Further, an LV8019V H-bridge from ON
Semiconductor of Santa Clara, CA may be used to implement the desired polarity. In
such cases, the upstream circuitry responsible for encoding drive voltage magnitude is

a pulse width modulator, a relatively expensive piece of equipment.

[77] Various mechanisms for providing frequency modulation may be used. In
one example, the light beam from a laser or solar collector is passed through a
chopper that rotates at varying frequencies. In another example, a bar reciprocates in
front of the light beam. One other embodiment involves frequency modulating the

energy used to drive a laser.

[78] Various mechanisms for providing amplitude modulation may be used.
Examples include movable reflective and/or refractive elements that move angularly
in front of the beam before delivery to optically switchable devices. Such devices are
commonly controlled by piezoelectric mechanisms. In some cases, a graded optical
density member is moved in front of the light beam. Such member may be controlled
by, for example, a voice coil. Another embodiment involves amplitude modulating
the energy used to drive a laser. Other examples include mechanisms for bending the

fiber that conveys the light beam.
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[79] Third embodiment — In this embodiment, all types of control information
are provided by frequency modulation. Typically, in this embodiment no amplitude
modulation is applied to the source of photonic power. Thus, polarity, magnitude,

and any other control information are encoded upstream by frequency modulation.

[80] In summary, embodiments 2 and 3 shift much of the control logic
upstream of the EC controller and IGU and allow relatively small, power efficient,
and inexpensive controllers associated with the devices under control of a single
upstream photonic driver. As a consequence, on board controllers for electrochromic
devices such as the controllers described in US Patent No. 8,213,074 issued July 3,

2012, which is herein incorporated by reference in its entirety, may be used.

[81] Figure 8A depicts an embodiment of control hardware, 800, located near
the optically switchable device 801, and, e.g., far from laser source 805. The
hardware decodes control information encoded upstream in a light beam 803 from a
laser 805, e.g., a laser diode. The light energy in the light beam 803 may be captured
by a fiber optic cable or otherwise directed to a beam splitter 807, which directs a
fraction of the beam energy for conversion to electricity, e.g., using a photovoltaic
cell 809. Cell 809 converts the energy of beam 803 to electrical energy used to power
optical transitions in a switchable device such as an optically switchable device and/or
to charge a storage device 811. As mentioned, the photovoltaic cell may rectify FM

signal in the light beam to provide drive voltage controlled by the FM encoding.

[82] A driver (upstream and not shown) modulates laser diode 805 in a manner
that encodes control information into light beam 803. In some implementations, a
large fraction of the beam energy is directed by splitter 807 to the optically switchable
device. For example, at least about 70% or at least about 90% of the beam energy
may be directed to the photovoltaic cell. This energy is used to drive the device

optical transitions.

[83] A fraction of beam 803 is directed by splitter 807 to a photonic to
electronic converter 813, which may be a photodiode for example. The converter 813
converts the beam energy to an electrical signal containing the encoded control
information. The electrical output of converter 813 may be in direct current form. It

is used to instruct a communications circuit 815 such as an H-bridge, 820. Regardless
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of how it is implemented, communications circuit 815 decodes the information in
beam 803 to control, e.g., the polarity of voltage and/or current applied to the
optically switchable device. As indicated above, AC encoding may be used to control

the polarity.

[84] In certain embodiments, energy obtained from the beam 803 is used to
drive transitions in an optically switchable device by an amplifier such as a pulse
width modulation amplifier. In other embodiments, the transitions are driven by a
voltage regulator such as a Buck converter. The Buck converter may be used to
produce/control the magnitude of the voltage applied to the EC device. An H-bridge
device may be used to control the polarity of the voltage applied to the EC device.

[85] Because optically switchable devices often require only small amounts of
power to maintain an end optical state (e.g., tinted or clear), the local electrical
circuits may be quite simple. This allows much of the instructions for driving
transitions to be encoded upstream, away from the device. Therefore, the cost of the
control logic at the device location is relatively low. In various embodiments, the

electronics associated with each optically switchable device is modest.

[86] In one particular embodiment, photonic energy is modulated upstream by
frequency modulation (FM). In some implementations, the duty cycle of the FM
signal is controlled upstream. Different duty cycles correspond to different voltage
magnitudes. For example, a 90% duty cycle may correspond to 3V applied to the
switchable device, while a 10% duty cycle may correspond to a 0.3V applied to the
device. Thus, the duty cycle of the frequency modulated signal controls the
magnitude of the applied voltage. In some embodiments, a pulse width modulation
amplifier is employed to control the duty cycle and hence the magnitude of the

voltage applied to the optically switchable device.

[87] Additional control information may be provided by amplitude modulation
(AM) imposed on the light beam from the photonic source. In some embodiments,
the amplitude modulation is superimposed on an FM signal. In one example, the
polarity of the voltage applied to the switchable device may be controlled by the AM
signal. At the switchable device, simple H-bridge can be used to control the polarity

using information conveyed via amplitude modulation.
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[88] In one embodiment, the optically switchable device controller is
configured to transmit status information from the device upstream to an enhanced
laser driver (with additional circuitry to decode this information). The upstream
driver is optionally configured to relay the information to a BMS. The status
information may include voltages and currents applied to the optically switchable
device, the current transmission state (in transition from state to state, tinted to 4%,
20%, clear, etc.), operational status of the device controls (fault codes and

diagnostics), environmental conditions such as ambient temperature, and the like.

[89] Figure 8B presents an example of a system configured to transmit device
information upstream. Many of the features of the system are shared with the simpler
implementation depicted in Figure 8A. In this example, local microcontroller 815
receives input from one or more local sensors. Microcontroller 815 then converts the
sensed data to instructions for driving a photoemitter 818 to generate a light beam
encoded with the sensor data. Photoemitter 818 can be a laser diode, a photo diode,
etc. In certain embodiments, photoemitter 818 emits light at a wavelength that is
substantially removed from the wavelength of light from laser 805. In some
implementations, the microcontroller converts the sensed data into a serial data stream
(ones and zeros). As an example, the CANOpen protocol may be used. Using such
protocol, microcontroller 815 encrypts the photonically transmitted data. The
photoemitter simply turns on or off in response to the encrypted serial data stream
from the microcontroller. A similar approach may be used to generate the downstream

data.

[90] In the embodiment depicted in Figure 8B, photoemitter 818 directs emitted
light to a second beam splitter 807°, which redirects the light upstream. In some
embodiments, the emitted light is reflected from splitter 807’ back to the same optical
transmission means that delivered the downstream light. For example, the splitter
reflects the signal into a bidirectional optical fiber. The bi-directional transmission
may be implemented in a manner similar to that employed in optical communications,
usually by choosing different wavelength laser diodes. For example the downstream
transmission may be the high power amplitude modulated 850nm laser, to deliver the
necessary energy to drive the device transitions, and the upstream signal may be a

1310nm diode laser. The beam splitters may be tuned for a wavelength (e.g., dichroic
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mirrors), or they may employ inserted filters, so that only the 1310nm light reaches

the upstream photodetector.

[91] Upstream, an element receives and decodes the light emitted from
photoemitter 818. In some designs, the upstream location employs an arrangement of
components similar to that depicted in Figure 8A. In the embodiment of Figure 8B, a
third beam splitter 807 receives the upstream optical signal and reflects it to a
photodector 831, which outputs the unencoded data, in electrical form, to a
microcontroller 833. Microcontroller 833 then decodes and otherwise processes the
serial data stream. It may instruct the laser 805 based on the decoded data, or it may
provide the decoded data to a master controller such as a BMS. In some cases,
microcontroller 833 may be the same product employed in controller 815. Of course,

the programming of these controllers may be specific for their roles in the system.

[92] Figure 9 depicts an example of a driver circuit 901 that applies FM and
AM signals to a light beam. The AM signal is generated by a microcontroller 903 and
applied to a voltage controlled voltage source (VCVS) 905, which applies the
encoded polarity information to the light beam. The VCVS may be implemented with
a voltage regulator such as the LM317 wvoltage regulator from Fairchild
Semiconductor of San Jose, CA. Frequency modulation is applied via pulse width
modulator (PWM) 907. The frequency and amplitude modulated signal is used to
drive a diode laser 909. In some embodiments, the PWM is configured to apply
varying duty cycle values to control the amplitude of the drive voltage/current applied

to the switchable devices.

[93] For periods of time when the sun is not shining and therefore not powering
the laser diode or otherwise providing photonic energy for the optical transition, an
alternative source of energy may be employed to power the transition. For example,
the laser diode may be powered by electricity from the grid or a backup source in a
building where the optically switchable devices reside. Alternatively, or in addition,
the devices themselves may be powered by batteries or other storage devices located

close to the windows, ¢.g., with the photovoltaic cells.

[94] In certain embodiments, the photonic control information may be received

from a building management system (BMS) or other high-level building controller for
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optically switchable devices. Examples of building level controllers and networks
suitable for controlling all or many windows in a building are described in the
following US Patents and Patent Applications, each incorporated herein by reference
in its entirety: U.S. Patent Application No. 13/049,756, filed March 16, 2011, and
titled “MULTIPURPOSE CONTROLLER FOR MULTISTATE WINDOWS”; U.S.
Patent Application No. 13/449,235, filed April 17, 2012, and titled “CONTROLLING
TRANSITIONS IN OPTICALLY SWITCHABLE DEVICES”; U.S. Patent
Application No. 13/772,969, filed February 21, 2013, and titled “CONTROL
METHOD FOR TINTABLE WINDOWS”; and U.S. Patent No. 8,213,074, titled
“ONBOARD CONTROLLER FOR MULTISTATE WINDOWS.”

[95] In some embodiments, the photonic converter circuitry proximate the
optically switchable device may be configured to receive remote control device
signals that allow users in the locale of the device to turn the device off and on or

otherwise control the device.

[96] Although the foregoing embodiments have been described in some detail
to facilitate understanding, the described embodiments are to be considered
illustrative and not limiting. It will be apparent to one of ordinary skill in the art that
certain changes and modifications can be practiced within the scope of the appended

claims.
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CLAIMS

. An electrochromic (EC) window system comprising;:

1) an EC window;

i1) an EC window controller;

iii) a photovoltaic (PV) power converter configured to deliver electricity to
the EC window controller; and

iv) an optical fiber configured to deliver a light energy to the PV power

converter.

. The EC window system of claim 1, wherein the light energy is supplied to the

optical fiber from a diode laser.

. The EC window system of claim 2, wherein the diode laser is energized by a

driver, the driver receiving power from a photovoltaic array and/or a low-voltage

power line of less than about 30 volts.

. The EC window system of claim 2, further comprising a controller for

demodulating the light energy when the light energy received from the optical

fiber is modulated.

. The EC window system of claim 4, wherein the controller is configured to decode

amplitude modulation in the light energy received from the optical fiber.

. The EC window system of claim 5, wherein the controller is configured to

determine from the amplitude modulation the polarity of voltage or current to be

applied to the EC window.

. The EC window system of claim 6, wherein the controller comprises an H-bridge.

. The EC window system of claim 5, wherein the controller is configured to

determine from the amplitude modulation the magnitude of voltage or current to

be applied to the EC window.

. The EC window system of claim 4, wherein the controller is configured to decode

frequency modulation in the light energy received from the optical fiber.

29



10

15

20

25

WO 2014/032023 PCT/US2013/056506

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

The EC window system of claim 9, wherein the controller is configured to
determine from the frequency modulation the magnitude of voltage or current to

be applied to the EC window.

. The EC window of claim 2, further comprising a controller for (i) receiving status

information concerning the EC window, and (ii) encoding the status information

for upstream transmission on the optical fiber.

The EC window system of claim 1, wherein the photovoltaic array is positioned

more than 1 meter from the EC window.

The EC window system of any of claims 1, wherein the PV power converter is
positioned in a frame around the EC window or integrated, at least partially,

within a secondary seal of the EC window.

The EC window system of any of claims 3, wherein the driver and the diode laser

are configured to deliver control information.

The EC window system of claim 14, wherein the diode laser feeds to an optical
cable, the optical cable running through a splitter, the splitter having a plurality of
optical output fibers each configured to deliver control information to each of a

plurality of EC window controllers.

The EC window system of claim 15, wherein a plurality of EC window controllers

are configured in a daisy chain format.
An insulated glass unit (IGU) spacer comprising a PV power converter.
The IGU spacer of claim 17, further comprising an EC window controller.

The IGU spacer of claim 18, wherein the window controller is configured to
demodulate the light energy when light energy received at the window controller

is modulated.

The IGU spacer of claim 19, wherein the window controller is configured to
decode amplitude modulation in the light energy received at the window

controller.
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21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

The IGU spacer of claim 20, wherein the window controller is configured to
determine from the amplitude modulation the polarity of voltage or current to be

applied to an optically switchable window in contact with the IGU spacer.

The IGU spacer of claim 21, wherein the window controller comprises an H-

bridge.

The IGU spacer of claim 20, wherein the window controller is configured to
determine from the amplitude modulation the magnitude of voltage or current to

be applied to an optically switchable window in contact with the IGU spacer.

The IGU spacer of claim 19, wherein the window controller is configured to
decode frequency modulation in the light energy received at the window

controller.

The IGU spacer of claim 24, wherein the window controller is configured to
determine from the frequency modulation the magnitude of voltage or current to

be applied to an optically switchable window in contact with the IGU spacer.

An EC window IGU comprising a PV power converter configured to receive

optical energy delivered via fiber optics.

The EC window IGU of claim 26, wherein the PV power converter is positioned,

at least partially, in a secondary seal of the IGU.

The EC window IGU of claim 26, having no electrical wiring traversing a primary

seal of the IGU.

The EC window IGU of claim 26, further comprising an EC window controller

positioned, at least partially, in a secondary seal of the IGU.

The EC window IGU of claim 26, further comprising an EC window controller
configured to demodulate optical energy when optical energy received at the EC

window controller is modulated.

The EC window IGU of claim 30, wherein the EC window controller is
configured to decode amplitude modulation in the optical energy received at the

EC window controller.
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32.

33.

34.

35.

36.

37.

38.

The EC window IGU of claim 31, wherein the EC window controller is
configured to determine from the amplitude modulation the polarity of voltage or

current to be applied to the EC window IGU.

The EC window IGU of claim 30, wherein the window controller is configured to
decode frequency modulation in the optical energy received at the EC window

controller.

An optically switchable device system comprising:
1) an optically switchable device comprising bus bars;
ii) a PV power converter configured to apply a voltage to the bus bars; and
1i1) an optical fiber configured to deliver a light energy to the PV power

converter.

The optically switchable device system of claim 34, further comprising an
optically switchable device controller that defines the voltage and/or current

applied to the bus bars by the PV power converter.

The optically switchable device system of claim 34, wherein a plurality of optical
fibers connected with a light source are configured to deliver light energy to each
of a plurality of PV power converters coupled with each of a plurality of optically

switchable devices.

The optically switchable device system of claim 36, further comprising an
optically switchable device controller configured to independently control the
voltage and/or current applied to each of a plurality of optically switchable

devices.
The optically switchable device system of claim 35, wherein the optically

switchable device controller is configured to demodulate light energy when light

energy received at the optically switchable device controller is modulated.
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39.

40.

41.

42.

43.

The optically switchable device system of claim 38, wherein the optically
switchable device controller is configured to decode amplitude modulation in the

light energy received at the optically switchable device controller.

The optically switchable device system of claim 39, wherein the optically
switchable device controller is configured to determine from the amplitude
modulation the polarity of voltage or current to be applied to the optically

switchable device.

The optically switchable device system of claim 38, wherein the optically
switchable device controller is configured to decode frequency modulation in the

light energy received at the optically switchable device controller.

The optically switchable device system of claim 35, further comprising a splitter
that splits light energy between a first path that delivers light energy to the PV
power converter and a second path that delivers light energy to the optically

switchable device controller.

The optically switchable device system of claim 34, further comprising a
controller for (i) receiving status information concerning the optically switchable
device, and (i1) encoding the status information for upstream transmission on the

optical fiber.
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